ABSTRACT
T raumatic optic neuropathy (TON) is an acute injury of the optic nerve (ON), typically presenting with severe impairment of visual function. TON is often classified on the basis of the location of the injury. Anterior ON injury is usually associated with ON head avulsion and disruption of circulation at the ON head. These patients present with intraocular hemorrhage and disruption of anatomy at the ON head on funduscopy. Posterior TON involves the nerve at a site proximal to where the ophthalmic artery enters the ON. 1 Clinical diagnosis of posterior TON is based on the presence of a relative afferent pupillary defect, decreased visual acuity (VA), normal funduscopic examination findings, and no apparent intraocular pathology. [2] [3] [4] The focus of this study was limited to posterior TON. Contusion, necrosis, concussion, hemorrhage, nerve fiber tears, and infarction due to vascular thrombosis or spasm have all been implicated as potential mechanisms of TON. 5, 6 Specific causes include motor vehicle collisions, falls, assaults, blunt force effects of penetrating trauma, and surgical mishaps in and around the optic nerve, with a reported high prevalence among young men. 7 The architecture of the orbit facilitates transfer of impact forces from facial trauma to the region of the optic canal, where the nerve is vulnerable to injury due to the shearing effect between its fixed and mobile portions. [7] [8] [9] The concept of primary and secondary injury in TON has been proposed by Walsh. 10 Primary injury results from immediate shearing of the retinal ganglion cell axons of the nerve. Secondary injury occurs from a complex biochemical cascade of events that follows the primary injury, resulting in edema of the ON within the inflexible optic canal. 11 Edema of the nerve in the optic canal produces a compartment syndrome, resulting in nerve ischemia due to compression of the pial vascular plexus.
12,13
Conventional MR imaging findings are normal in most patients with TON. 3, 5 An earlier study with DTI in TON showed decreased axial diffusion and ADC values in the posterior segment of the injured ON. 3 In this retrospective study, we aimed to determine the ability of abnormal signal intensity of the ON due to diffusion restriction on DWI to diagnose TON, compare the group differences of ADC values between the injured and uninjured contralateral nerves, and identify the relation between the measured ADC values and admission VA.
MATERIALS AND METHODS
The study was compliant with the Health Insurance Portability and Accountability Act, and permission was obtained from our institutional review board. The study was conducted at a level I trauma center. The inclusion criteria for this retrospective study were the following: 1) history of blunt craniofacial trauma between January 2004 and December 2013, 2) acquisition of DWI as part of the MR imaging examination of the brain or orbits (Յ15 days after trauma), 3) 18 years of age or older, and 4) a clinically confirmed diagnosis of TON on formal ophthalmology consultation. Exclusion criteria were the following: 1) TON caused by blunt force or blast effects of penetrating trauma, and 2) abnormal funduscopy findings or traumatic structural intraocular pathology on clinical examination. During the study period, MR imaging was not routinely performed on patients with TON. MR imaging of the brain or orbits was performed at the discretion of the clinicians. At the study institute, ophthalmology is consulted on all patients with orbital or periorbital soft-tissue trauma and craniofacial fractures, to detect injuries involving the visual system. All patients referred to ophthalmology are evaluated while in the trauma resuscitation unit. A clinical diagnosis of TON is made in the presence of decreased VA, relative afferent pupillary defect, and normal funduscopic examination findings. Testing for VA or funduscopy is usually not possible in patients who are unconscious due to sedation, mechanical ventilation, or associated head injuries. In such patients, a probable diagnosis of TON is made on the basis of the presence of a relative afferent pupillary defect, and the diagnosis is confirmed by re-evaluating the patients after they regain consciousness or after extubation.
MR Imaging Protocol and Image Analysis
All imaging was performed on a 1.5T Avanto scanner (Siemens, Erlangen, Germany) with parallel imaging capacity. Twenty patients underwent DWI as part of MR imaging of the brain; and in the remaining 9 patients, DWI was part of orbital MR imaging. According to our institutional protocol, DWI is performed at a 5-mm section thickness for both orbital and brain imaging. In all patients, DWI was obtained in the axial plane by using a dual spin-echo echo-planar imaging method with diffusion-weighting in 3 orthogonal directions with b-values of 0, 500, 1000 s/mm 2 . The TE for the DWI was 86 ms with a TR of 5400 ms. A section thickness of 5 mm and an FOV of 220 ϫ 220 mm at an acquisition matrix of 134 ϫ 192 pixels were used.
Image Analysis
The DWI was evaluated on the PACS of our institution by 2 fellowship-trained and board-certified trauma radiologists (U.K.B. and D.D.) with 8 and 3 years of experience, respectively. Images were first evaluated qualitatively and then quantitatively. For qualitative analysis, the reviewers were blinded to the side of injury and individually evaluated the ONs for bilateral or unilateral signal intensity changes at bϭ1000. The reviewers classified the signal intensity into the following categories: higher, equal, or lower than the signal intensity of the contralateral ON and brain parenchyma. In the case of increased signal intensity, the extent of involvement (posterior and anterior segments) was documented ( Figs 1 and 2 ). The usual 20-to 25-mm intraorbital ON was divided into anterior and posterior segments at approximately 10 mm behind the globe. The division was made to evaluate intersegmental differences in signal intensity and ADC values because the blood supply of the posterior segment is different from that of the anterior segment and the posterior segment has a greater propensity for injury. For quantitative analysis, the ADCs within the ON were measured by ROI analysis. For placement of an ROI, both readers were instructed to include the posterior and anterior segments of the ON separately. Elliptic ROIs of approximately 7 mm 2 (range,
) were manually drawn over the long axis of the ON on the spin-echo echo-planar images (bϭ0) (Fig 1B) and then were transferred to the ADC maps. The anterior segment ROIs were drawn at a distance of approximately 3-4 mm from the globe, and the posterior ROI, at approximately 15-18 mm from the globe. Data from the posterior and anterior segments were analyzed separately. To avoid CSF partial volume artifacts, the ROI mostly included voxels at the nerve center. In addition, areas of susceptibility artifacts were excluded.
Statistical Analysis
The correlation between the ADC measurements of the 2 reviewers was performed by using a Pearson correlation coefficient. The sensitivity and specificity of signal-intensity abnormality of the ON on DWI was calculated by a contingency table. The mean ADC of both reviewers was used for statistical analysis. A 1-way ANOVA was used to compare the between-group differences of ADC values. After testing for homogeneous variance (Levene test), a post hoc analysis was performed by using the Welch and Wilcoxon tests. Receiver operating characteristic curve analysis was used to evaluate the usefulness of ADC measurements. Linear regression analysis was used to determine the relationship between admission VA and ADC values. For all analysis, a P value Ͻ .05 was considered statistically significant. Statistical analysis was performed by using JMP 11 software (SAS Institute, Cary, North Carolina).
VA was converted into a logarithm of the minimum angle of resolution units to provide a numeric scale for statistical analysis.
RESULTS

Demographics
A search of the trauma data base of the institution yielded 183 patients with a clinical diagnosis of TON. Twenty-nine patients (21 men, 8 women; mean age, 40.8 years; range, 18 -69 years) of the total 183 were evaluated with DWI and were retrospectively recruited for the study. All patients had unilateral TON. The mechanism of injury in patients with TON was a motor vehicle collision in 15, assault in 6, a fall in 4, pedestrian struck in 3, and orbital surgery in 1. A single patient with iatrogenic TON was included in the study. The patient developed visual impairment after simple orbital floor fracture repair without documented perioperative hypotension or elevated intraorbital pressure, thus excluding the possibility of surgical posterior ischemic optic neuropathy and orbital compartment syndrome. On the basis of the information and the clinical findings, the patient was diagnosed with iatrogenic TON. There were 17 left-sided injuries and 12 right-sided ON injuries. The median length from the time of trauma to imaging was 7 days (Q 3 -Q 1 ϭ 9.5 days). Table 1 provides the data regarding the time from injury to MR imaging, VA, ON hyperintensity, and ADC values.
Qualitative Analysis
In 8 of the 29 patients with TON, the injured ON demonstrated restricted diffusion with hyperintense signal on DWI and corresponding hypointense signal on ADC maps. None of the contralateral uninjured nerves demonstrated abnormal signal. This restricted diffusion in ON constitutes a sensitivity of 27.6% (8/29) (95% CI, 12.8 -47.2) and a specificity of 100% (29/29) (95% CI, 87.9 -100). All 8 patients had hyperintense signal involving the posterior segment of the nerve with concomitant involvement of the anterior segment in 2 patients. There was perfect agreement between the 2 reviewers in the assessment of the signal intensity of the ONs.
Quantitative Analysis
The reviewers independently excluded 4 patients because of inaccurate ADC measurements due to susceptibility artifacts caused by the air-bone-tissue interface and/or partial volume effects, which affected the ROI placement over the ONs. The mean posterior segment ADC of the contralateral uninjured ON in the remaining 25 patients was 1 (Fig 3) . The posterior segment ADC differed significantly between injured and uninjured nerves in Welch ANOVA analysis (F ϭ 9.7, P ϭ .003 and Wilcoxon P ϭ .015). Receiver operating characteristic curve analysis determined a discrimination ability of 0.7 (area under the curve) between the injured and uninjured contralateral nerve with optimum sensitivity and specificity at a mean ADC value of 0.92 ϫ 10 Ϫ3 mm 2 /s.
There was no statistical difference in the mean anterior segment ADC values between the injured and uninjured nerves (P ϭ 0.24) ( Table 2) . In subsequent analysis, the patients were divided into 2 subgroups. Group 1 consisted of 14 patients with a time from injury to MR imaging examination of Յ7 days, and the remaining 11 patients constituted group 2 with a time from injury to MR imaging of Ͼ7 days. In group 1 patients, the mean posterior segment ADC of the injured ON was significantly reduced relative to the contralateral posterior ON (P ϭ .03). The ADC reduction did not reach statistical significance in group 2 patients (P ϭ .17). The interrater reliability in measuring the ADC of the ONs was very good, with a Pearson correlation coefficient of 0.87 (95% CI, 0.79 -0.92).
Admission VA was available in 10 of the 29 patients. Admission VA could not be obtained in 19 patients due to associated injuries for which patients were under sedation, on mechanical ventilation, or under the influence of other mind-altering drugs. There was a moderate-to-strong correlation between low ADC values and poor VA in the 10 patients analyzed (ie, a lower logarithm of the minimum angle of resolution) (Pearson r ϭ 0.7, P ϭ .02; Spearman ϭ 0.66, P ϭ.03). In patients with ON hyperintensity on qualitative analysis, 5 of the 8 patients had available VA. All 5 patients presented with no light perception. The median logarithm of the minimum angle of resolution in patients with ON hyperintensity was Ϫ4.7 (no light perception) (Q 1 -Q 3 ϭ 0); and in those without hyperintensity, the logarithm of the minimum angle of resolution was Ϫ1 (20/200) (Q 1 -Q 3 ϭ Ϫ4, P ϭ .012).
DISCUSSION
The results of our study indicate that hyperintensity of the ON predominantly affecting the posterior segment of the intraorbital ON is associated with a clinical diagnosis of TON in the appropriate clinical setting. Although a decreased ADC value of the injured nerve and alterations in other DTI parameters have been previously described, 3 a qualitative visual assessment of ON hyperintensity on DWI can provide a helpful clinical indicator of TON. The sensitivity of this sign was 27.6% (95% CI, 12.8%-47.2%) and the specificity was 100% (95% CI, 87.9%-100%). Hence, the presence of hyperintensity is helpful in making a diagnosis of TON, but its absence should not be interpreted as an absence of TON.
Our results also showed a statistically significant difference between the mean posterior segment ADC values of the injuredversus-uninjured nerves, which can help in the discrimination of TON. In the limited number of patients with TON with available VA, there was a correlation between low ADC values and poor VA, and those with ON hyperintensity due to diffusion restriction had the worst VA (ie, no light perception at presentation). The correlation among ON hyperintensity, low ADC values, and poor VA at admission may help clinicians predict the likelihood of visual recovery in patients with severe trauma, especially in those in whom VA could not be obtained due to various factors, because the initial VA is the strongest predictor of visual recovery. [14] [15] [16] This information has the potential to help prioritize therapeutic interventions should new therapies become available.
Acute ischemia and contusions in the brain parenchyma and spinal cord present as hyperintense signal on DWI at measurements with large b-values, and the calculated ADC map shows decreased diffusivity. 17, 18 Although contusion-related necrosis and ischemia of the ON are implicated in TON at postmortem examination, the signal-intensity changes in DWI corresponding to these histologic findings have not been evaluated in patients with TON, to our knowledge. The hyperintensity of the injured ON seen in our patients, most of whom have involvement of the posterior segment, supports the hypothesis that the nerve segment that is most vulnerable to primary injury is at the level of the optic canal and that secondary injury from compartment syndrome occurs in the optic canal, causing nerve ischemia. The 2 cases with concomitant varying levels of extension of hyperintensity into the anterior segment may be explained by spasm or thrombosis of the axial centrifugal vascular system formed by intraneural branches of the central retinal artery. Subanalysis of patients based on the time from injury to MR imaging examination showed a statistically significant decrease in the posterior segment ADC when the imaging was performed within 7 days after injury. The reduction in ADC did not reach statistical significance when the imaging was performed between 7 and 15 days after trauma, however. This phenomenon is most likely due to ADC normalization, though the time course of the normalization process is not known for the optic nerve in the setting of trauma.
There is limited literature regarding the utility of functional MR imaging of ON injury. An earlier study by Bodanapally et al 
